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(RFLP)Circomics was coined to describe the combination of rolling circle ampliﬁcation (RCA), restriction fragment
length polymorphism (RFLP) and pyro-sequencing to investigate the genome structures of small circular
DNAs. A batch procedure is described using 61 plant samples from Asia, South America and Central America
which revealed 83 contig sequences of geminiviral DNA components and 4 contig sequences of DNA satel-
lites. The usefulness of this approach is validated for the Brazilian begomoviruses, and the sequence ﬁdelity
is determined by comparing the results with those of conventional cloning and sequencing of Bolivian bego-
moviruses reported recently. Therefore, circomics has been proven to be a major step forward to economize
costs and labor and to characterize reliably geminiviral genomes in their population structure of the
quasispecies.
© 2012 Elsevier Inc. All rights reserved.Introduction
Geminiviruses (reviewed by Jeske, 2009) are agriculturally impor-
tant plant pathogens and due to their circular single-stranded (ss)
DNA they can be detected easily using a combination of rolling circle
ampliﬁcation (RCA) and restriction fragment length polymorphism
(RFLP) without any a priori knowledge of their sequence (Paprotka
et al., 2010, and references therein). Therefore, this diagnostic tool
has become very popular in the past years and is widely applied,
not only for plant viruses with small circular DNA, but also in
human and veterinary virology (Johne et al., 2009).
The following study shows how RCA and RFLP can be combined
with pyro-sequencing (circomics) for efﬁcient and economic identiﬁ-
cation of geminiviral DNA components including their satellites.
Pyro-sequencing has been chosen because it yields long reads and is
independent on a priori sequence information. The study focuses on
begomoviruses, members of the major genus of the family Geminivir-
idae (Stanley et al., 2005). Begomoviruses may contain either a mono-
partite genome (DNA-A-like) or a bipartite genome (DNA-A and
DNA-B) in the size range of 2500–3000 bases each, and they may
transreplicate alpha or beta satellite DNAs of between 1000 and
1300 bases (reviewed by Jeske, 2009).. Jeske).
rights reserved.Plant samples from Asia (Thailand, Malaysia), Central America
(Mexico, Cuba), and South America (Brazil, Bolivia) were analyzed
by circomics. The usefulness of this strategy is exempliﬁed for South
American viruses. In Brazil, the most severely affected crops are
beans and tomatoes (Castillo-Urquiza et al., 2008; Faria and
Maxwell, 1999). In this study, 21 symptomatic plant samples, includ-
ing crop plants (Phaseolus lunatus and Phaseolus vulgaris) and weeds
(Cleome afﬁnis, Macroptilium lathyroides, Blainvilea rhomboidea and
Sida spp.) from the northeast of Brazil were analyzed in closer detail.
Results
Pyro-sequencing of the batch of 61 RCA products resulted in
43,900 total entries with a peak of fragment length distribution of
~370 nts (Fig. 1). Of these, 38,702 entries were larger than 100 nts.
A search for the conserved nonanucleotide (TAATATTAC) of gemini-
viruses showed that 4,492 entries contained this motif within a hair-
pin of the replication origin. To estimate the presence of geminiviral
sequences in the data set, the number 4,492 was divided by 370 nts
and multiplied with the component size of 3,000 nts to predict that
at least 36,421 entries in the data set may be of geminiviral origin. Ad-
ditional fragments may stem from satellite DNAs and mitochondrial
plasmids as described previously (Homs et al., 2008; Paprotka et al.,
2010). Sequences of the host plant genome were not observed so
far. Artiﬁcial primer ampliﬁcation products due to the sequencing
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Fig. 1. Characteristics of the database obtained from pyro-sequencing. (a) Size-distribution
of pyro-sequence entries with relative frequencies and length of the entries in nucleotides
[nts]. The red line depicts the threshold of the entries used for the ﬁrst contig assembly.
(b) Representation of the assembled virus/strain DNA components in the entries of the
data set with 99% SI for at least 100 bp. The values ranged from 79 to 2,044 entries per
viral genome component for different viruses or strains. This translates to 79×370
nts=~29,000 nts per genome component at minimum approaching a conservative esti-
mate of at least 10-fold coverage of the sequences.
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cluded from further evaluation.
Ab initio and guided assembly of contigs
The applied search algorithm for ab initio assembly of contigs
needs at least a four-fold coverage of the sequence. To avoid artiﬁcial
assembly of recombinants, very stringent conditions for the compar-
ison of the data entries were chosen: A sliding window of 100 nucle-
otides for each genome position and only perfect matches were used
in the bioinformatic search for contig assembly.
In a ﬁrst trial to ﬁnd geminiviral components and their satellites
by this ab initio sequence assembly of fragments, 79 contigs were
extracted from the data set. After comparing their sequences with
the international database, they were assigned tentatively to Asian,
South American and Central American begomoviruses, as indicated
in the provisional names by AsBgV, SAmBgV and CAmBgV, respective-
ly (Fig. 1 and Suppl. Fig. 1). The DNA-A sequences were further ana-
lyzed by pairwise alignments to decide whether the components
represent different virus species (b89% sequence identity; SI), strains
(90–93% SI) or variants of the same strains (>93% SI) according to
ICTV geminivirus demarcations (Fauquet et al., 2008). On this basis,a simple nomenclature was used (species number. strain number.
variant number) to facilitate the overview. For example, CAmBg-
V05A.2.C25 means that the DNA-A component belongs to the ﬁfth
Central American begomovirus found, in the form of strain #2 and
the variant #C25, which is the indicator of the original contig for lab-
oratory convenience (Suppl. Fig. 1).
If DNA-B components with >80% SI in the common region (CR)
were detectable in the data set, they were named like their putative
cognate DNA-A partners (Suppl. Fig. 1); otherwise, they were
assigned an additional number. Presumable monopartite begomo-
viruses were indicated with A only.
The 79 contigs of begomoviruses represented 13,723 entries with
more than 99% SI and 99 nts in length in the pyro-sequencing data
set; further 497 entries ﬁt with the same quality to satellite DNAs
(Fig. 1). The distribution concerning different contigs (Fig. 1) showed
two of the Asian DNA components considerably more prevalent than
the others which were distributed normally in the data set.
In addition to the ab initio assembly, it was possible to assemble
components using closely related sequences from the database in
combination with independent conventional cloning and sequencing
as a guide. Three components were, thus, identiﬁed for a Blainvillea yel-
low spot virus strain (SAmBgV06A.1.C80; -1.C81; SAmBgV06B.1.C82)
and for Bolivian (SAmBgV08B.1.C83) begomoviruses described previ-
ously (Wyant et al., 2011).
Since the same Bolivian RCA products were also used in the pyro-
sequencing, the comparison allowed for validation of the novel se-
quencing strategy in relation to the classic approach. Of the 16 DNA
components described (Wyant et al., 2011), three were found by ab
initio assembly in the pyro-sequencing data set, one could be assem-
bled completely by guide sequences, eight were represented only
partially and four were not represented in the data set. The overall
SI between the results from the conventional strategy and the pyro-
sequencing was 99% for 16,628 nts sequenced, a value in the range
of biological variants. Although the accuracy of the matching se-
quences is high, this validation showed that for some samples it
might be necessary to reduce the number of samples in the batch se-
quencing to reveal all genome components.
Overall, the batch sequencing revealed 23 novel DNA components
with less than 89% SI to already known begomoviruses, 35 DNA com-
ponents between 89 and 93% SI, and 21 DNA components with more
than 93% SI (Suppl. Table 2). Furthermore, three alpha and one beta
satellites were identiﬁed, which will be discussed elsewhere.
Assigning the sequence contigs to plant samples
After having generated the contig sequences, the next step was
assigning the sequences to the respective plant samples, which was
possible in the majority of cases using RFLP. In order to judge the in-
formational power, 539 full-length DNA components of gemini-
viruses in the international database were extracted and analyzed
for the distribution of restriction recognition sites. Fig. 2 exempliﬁes
the results for two frequently used recognition sites: CCGG cut by
HpaII and GATC cut by Sau3a for example. The distributions of the ob-
served fragment numbers per genome components ﬁt well with the
theoretically expected binomial distributions, calculated using the
real probabilities of nucleotides in geminiviral sequences (Fig. 2 a
and b). Along the DNA sequences (Fig. 2c) these sites are distributed
more or less equally, with only one extreme overrepresentation of a
CCGG site within the stem of the hairpin of the origin of replication.
Whereas the expected curve for CCGG sites yielded a skew distribu-
tion, GATC sites were distributed normally (according to Kolmogo-
rov–Smirnov test). At maximum, CCGG sites occurred for 5.8 times
in 2,500 nts or 7.0 times in 3,000 nts, GATC sites for 9.4 times in
2,500 nts and for 11.3 times in 3,000 nts, leading to predominant frag-
ments of 430 nts for CCGG and 266 nts for GATC. The chance with
these fragment sizes to ﬁnd similar bands in the gel coincidentally
bc
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Fig. 2. Evaluation of restriction sites for 539 geminiviral full-length DNA components in
the international database for the recognition sequences CCGG (a) and GATC (b) with
reference to the number of fragments per genome component (a and b) or with refer-
ence to the genome position (c, in classes of 100 nts). For comparison, the theoretically
expected distributions were drawn, for a genome component with 2,500 nts (Exp2500)
andwith 3,000 nts (Exp3000) followinga binomial curveusing the determined percentages
of the nucleotides in the database (A: 26.3; C: 20.1; G: 24.0; T: 29.6) for theprobabilities. The
apparent shift of the observed CCGG distribution in comparison to the expected distribu-
tions (a) was not supported by statistical analysis (Mann–Whitney rank sum test;
P=0.695). The high value for CCGG in the ﬁrst 100 nts (c) is mainly due to one highly con-
served site in the hairpin stem of the origin of replication.
153P.S. Wyant et al. / Virology 427 (2012) 151–157is higher than for longer or smaller fragments. Thus, it depends on the
particular DNA component, which recognition site is more discrimi-
nating between closely related sequences. Taking these prerequisites
into consideration, the samples were analyzed with the two restric-
tion enzymes and were accepted as identiﬁed if both results matched
the expectation. With these precautions taken, to ﬁnd a set of pre-
dicted fragments derived from the contig sequences matching to the
observed fragment patterns after gel electrophoresis just by chance
is extremely low. However, additional non-matching bands may ap-
pear in the gel from defective viral and plasmid host DNAs, which
can be ignored for the purpose of initial sample identiﬁcation.
To improve the quality of the assignment and to establish a score
for the ﬁt, it is further important to determine fragment lengths with
high accuracy in order to differentiate closely related sequences. It
has been shown already that 2% agarose gels and 5% polyacrylamidegels are suitable for this purpose (Haible et al., 2006). Long gels
(20 cm migration) and electrophoresis at low voltage (1 V/cm) en-
hanced resolution for agarose gels. Moreover, a more accurate calcu-
lation of fragment sizes frommigration behavior can reﬁne the results
(Fig. 3): For the example of a standard AbMV pattern and that of a
newly determined Brazilian begomovirus (SiMAlV), the enhanced
resolution especially for larger and smaller fragments is shown by
the increase of the correlation coefﬁcient (R2). In general, the accura-
cy of determination was elevated from 5% for Rf values to 3% errors
for probits (Finney, 1952). This x axis transformation converts a sig-
moidal curve to a straight line, like drawing the data on a probability
net paper, which is the best ﬁt for 100–2,500 nt fragments in 2% aga-
rose obtained so far. On this basis, the goodness of ﬁt between
expected fragment sizes (inferred from contig sequences) and the
observed fragment sizes (from gel electrophoresis) is determined as
the Pearson's coefﬁcient of correlation in the following ﬁgure. A
false assignment is readily recognized by the drop of R2. Only if the
two applied restriction patterns for each sample were congruent
with high R2, the assignment was accepted. If remaining ambiguity
is observed in particular samples, direct sequencing (Jeske et al.,
2010) or random cloning and sequencing (Wyant et al., 2011) may
be used in addition to solve the problem.
In order to illustrate the suitability and limits of this procedure,
the analysis of the Brazilian samples is described in closer detail.
The other samples will be discussed elsewhere in their biological con-
text. Most of the Brazilian samples (19 of 20) tested virus-positive by
ampliﬁcation for small circular DNAs in which the sum of the frag-
ments reached 5 kb, which is consistent with the expected infection
with bipartite NewWorld begomoviruses (Fig. 4). The contig sequences
revealed several variants with identities above 99%, which may repre-
sent quasispecies population of the respective viruses within or be-
tween the samples. In order to assign the sequences to the original
sample, RCA/RFLP was employed in general and, in case of remaining
doubt, RCA products were sequenced partially after bacterial shotgun
cloning (Wyant et al., 2011) and compared to the sequences obtained
from pyro-sequencing. The majority of the observed patterns matched
well with the expected ones with the exception of one sample (RCA-
58; Fig. 4, lane “?”). A partial sequence of 2,400 nts of DNA-A derived
from shotgun cloning and conventional sequencing revealed the closest
relative as Bean golden mosaic virus [Brazil:SAdG7:soybean:2008]
(BGMV; FJ665283.1) with 88% SI. Pyro-sequencing entries were insufﬁ-
cient in this case to cover the whole genome for this sample.
Six distinct begomovirus species were found (Suppl. Table 3 with
accessions). The most prevalent sequence (13 of 19 samples,
SAmBgV03, Fig. 1 and Suppl. Table 1) showed 90% SI with BGMV;
FJ665283.1, and is therefore classiﬁed as a new strain of BGMV, for
which the name Bean golden mosaic virus, Brazil:Alagoas (BGMV-
BR:AL) is suggested. Six of these samples are from Phaseolus lunatus
(lima bean), three from P. vulgaris (common bean), three fromMacro-
ptilium lathyroides (wild bushbean), all members of the Leguminosae
family, one from a non-speciﬁed Leguminosae plant, and one from a
Cleome afﬁnis plant with a mixed infection. Four C. afﬁnis plant sam-
ples contained virus variants (SAmBgV05) with 98% SI to Cleome
leaf crumple virus isolate BR:Mar1:09 (ClLCrV; HM195184.1). In one
Sida sample, a new virus species (SAmBgV02) with the closest identi-
ty to Abutilon mosaic Brazil virus (AbMBV; FN434438.1; 83% SI) was
detected with the proposed name Sida mosaic Alagoas virus
(SiMAlV). A further strain/variant of AbMBV was present in a Sida
plant (91 or 94% SI, respectively; Suppl. Table 2) from Bahia. Two
Blainvillea rhomboidea plants from Alagoas and Bahia revealed vari-
ants of Blainvillea yellow spot virus (BlYSV; EU710756.1; 96% and
94% SI, respectively; represented by SAmBgV06A.1.C80, -1.C81, and
SAmBgV06B.1.C55, -1.C56, -1.C70, -1.C77, -1.C82). The RFLP pattern
of RCA 69 (Fig. 4) was more complex than expected. However, shot-
gun cloning and sequencing conﬁrmed the presences of this virus in
the sample (405 nts with 99.3% SI to SAmBgV06A.1.C81). Repeated
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155P.S. Wyant et al. / Virology 427 (2012) 151–157experiments with higher amounts of enzymes did not change the pat-
tern excluding incomplete digestion as the reason for the polymor-
phism, and therefore it remains possible that additional unresolved
circular DNA components were present in this sample.
Within the CR, component A/B pairs shared >97% SI mostly, with
one exception (SAmBgV06, 92% SI), and harbored identical iterons,
which are species-speciﬁc repetitive sequences in New World bego-
moviruses (Arguello-Astorga et al., 1994; Arguello-Astorga et al.,
2004; Londono et al., 2010) and Rep binding sites (Eagle and
Hanley-Bowdoin, 1997; Orozco and Hanley-Bowdoin, 1998).
The phylogenetic analysis (Fig. 5) of the Brazilian samples con-
ﬁrmed the relationships of the investigated viruses. In both, DNA-A
and -B phylogenetic trees SAmBgV03 clustered with BGMV,
SAmBgV05 with ClLCrV (100% bootstrap support), SAmBgV02 with
AbMBV (80% bootstrap support for DNA-A), and SAmBgV06 with
BlYSV (100% bootstrap support).DNA A
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Fig. 5. Phylogenetic neighbour joining trees of DNA-A and DNA-B for the Brazilian isolates co
African cassava mosaic virus (ACMV) as outgroup. Numbers next to the nodes indicate boots
and accession numbers are listed in Suppl. Table 3.Identiﬁcation of variants by in silico and RFLP analysis
For the BGMV-BR:AL (SAmBgV03), six distinct sequences of the
DNA-A component with few polymorphisms (C03, C14, C60, C62,
C69 and C79) were assembled from the data set which shared at
least 99.7% SI (Table 2). Similarly, six variant sequences were inferred
for DNA-B (C43, C44, C45, C46, C47 and C48; >93.7% SI). These se-
quence polymorphisms resulted in slightly different RFLP patterns
for CCGG or GATC recognition sites (Fig. 4). The same holds true for
six ClLCrV DNA-B sequences (SAmBgV05; C49, C50, C51, C52, C53
and C54; > 97.8% SI) and three BlYSV (RCA 69) DNA-B sequences
(SAmBgV06; C56, C70 and C77; >97.1% SI). The novel virus species
(RCA 71) was represented by two DNA-A (SAmBgV02; C59 and
C61; 99.9% SI) and three DNA-B sequences (C34, C63 and C66;
>99.7% SI). These data show that in some cases even subtle differ-
ences in the viral DNA populations can be inferred from pyro-A B SimMV-rho[Bo:CF2:07]
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mpared to selected American sequences retrieved from the international databases, and
trap values (1,000 replicates) above 50% (0.5). The corresponding names, abbreviations
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diagnosis (Fig. 4, see polymorphic sites underlined).
Relevance of weeds for epidemics
Eight weed samples were virus-positive, including for the crop-
infecting BGMV (Leguminoseae and C. afﬁnis sample). Further samples
have been described recently (da Silva et al., 2011a,b) in their phylo-
genetic and phytopathologic context. Only one of their viruses
showed a sequence similarity above virus species threshold with
the viruses reported here, a BGMV variant with 98.7% SI to SAmBg-
V03A.1.C62. These results stress the importance to control weeds,
since they act as perennial reservoirs of viruses and provide a durable
breeding ground for DNA recombination and creation of new viral ge-
nomes as discussed previously (Castillo-Urquiza et al., 2008; Jovel et
al., 2004; Jovel et al., 2007).
Discussion
Circomics as described in the Results section has proven to be a
signiﬁcant step forward in the rapid and reliable identiﬁcation of
begomoviruses. It is favorable with reference to cost and labor: cur-
rently, the 79 ab initio and three guided contigs for begomoviruses
were sequenced for 2,500 Eur in two weeks, an unbeatable alterna-
tive to bacterial cloning and Sanger sequencing. Most of the efforts
in the current studies were spent for the bioinformatic analysis, and
software tools have been developed to accelerate this work for gemi-
niviruses and nanoviruses which will be released and published after
further customizing elsewhere. With this approach it seems feasible
to establish an international reference center where all geminiviruses
and nanoviruses of the world can be analyzed with high efﬁciency.
Since RCA needs only air-dried plant material without any special
precautions, and nucleic acids from infected material can be ex-
changed safely using FTA cards across international borders by mail
with the permission of regulatory agencies, circomics is also a sus-
tainable alternative for low-budget countries which cannot afford
the cost for equipment and elaborate materials. As most of the agri-
cultural problems due to these viruses are devastating in tropical
and subtropical countries, international efforts using the mail trafﬁc
could help to prevent further epidemics with reasonable expense
and contribute thus to combat hunger in the world.
Circomics widens the view on the viruses because it is able to
represent the population structure of viral sequences in one or sev-
eral plants. In contrast to the bacterially cloned DNA, which repre-
sents only a small sample size, the potential variability already
present in a host is elucidated (Jeske et al., 2010). This information
is extremely important for sustainable resistance breeding, irrespec-
tively of whether this is done by classic crossing or molecular engi-
neering. Therefore, it was interesting to note that even minor
changes in the viral DNA population above 99% SI can be monitored
and veriﬁed by comparison with RFLPs. Now, it becomes possible for
the ﬁrst time to use the quasispecies concept originally set up by
Manfred Eigen for bacteriophages and human retroviruses
(Biebricher and Eigen, 2006; Eigen, 1993; Eigen, 1996) on an agri-
cultural scale.
This ﬁrst pilot study on circomics revealed some drawbacks and
limitations which can be prevented in further studies. The more di-
vergent the viruses in the batch, the easier was the unequivocal iden-
tiﬁcation as experienced for all Asian samples, in particular if they
contained monopartite viral DNA or satellite DNA which is over-
ampliﬁed in comparison to bipartite genomes. On the other end of
the scale, samples from Central America contained many similar vi-
ruses, some in mixed infections, with a multitude of DNA-B compo-
nents and defective DNAs derived from them which are difﬁcult to
differentiate. In general, the smaller the circular DNAs in the sample,
more effort has to be invested for the full-length DNAs of parent orhelper viruses. The Brazilian samples reported in closer detail repre-
sent an intermediate grade of difﬁculty. The consequence of this ex-
perience is to combine preferably samples from divergent origin in
a certain batch and to use, perhaps, half the number of samples per
batch depending on the plant sources.
The quality of the pyro-sequencing results was similar if not supe-
rior to conventional Sanger sequencing as reﬂected by the compari-
son of viral genomes from Bolivia and Brazil. Particularly notorious
errors of this technique, for example with oligoA or oligoT stretches,
were compensated by the high coverage of sequences of redundant
entries, and must be considered only if few entries were obtained
for a certain genome component.
The key for the utility of the batch pyro-sequencing was the elab-
orate application of RCA/RFLP with high resolution. Due to the sto-
chastic distribution of restriction enzyme recognition sequences,
considerable errors can occur in the identiﬁcation for the most fre-
quent fragments (around 430 nts for CCGG and 266 nts for GATC).
The precise size-determination of the observed DNA in gels was cru-
cial and proﬁted from the probit transformation of the x axis which
has never been applied for gel electrophoresis to our knowledge so
far. This allowed, above all, the evaluation of larger and smaller frag-
ments which may be more informative for the assignment of a virus
than the most frequent fragments. The two restriction enzymes
used are ideal in combination for geminiviruses and will allow to
set up software-aided identiﬁcation routines for those viruses in the
future, especially for efﬁcient diagnosis in transnational trafﬁc of
plant material. In addition, this RCA/RFLP-based identiﬁcation tool
will be also valuable to ensure the release of virus-free material for
plantation.
In summary, circomics brings in a new tool for geminivirus inves-
tigation and a novel paradigm for understanding population genetics
of these important plant pathogens.Materials and methods
Samples
A total of 60 samples from Asia, South and Central America were
analyzed in a batch procedure (Suppl. Table 1) in the period
2007–2010. One additional sample, collected from a French ornamen-
tal Abutilon plant, contained an Abutilon mosaic virus (AbMV) with a
Central American origin. These samples included the Bolivian samples
described recently (Wyant et al., 2011) and 21 new Brazilian samples,
19 from symptomatic (mosaic, yellowing, vein clearing) plants from
different sites from Alagoas and Pernambuco and two from Bahia
states (Assunção et al., 2006), which are described in this study in
closer detail. The other samples are reported in the context of their bi-
ological characteristics elsewhere.RCA/RFLP-based diagnosis
DNAs were collected on FTA Cards (Whatman) and recovered for
RCA as described (Haible et al., 2006) using the TempliPhi Kit (GE
Healthcare, Munich, Germany). Aliquots of the RCA products
(300 ng DNA in 10 μl) were digested by the restriction enzymes
HpaII or BfuCI (New England Biolabs, Frankfurt, Germany) for 2 h at
37 °C, and fragments were resolved by electrophoresis in 2% agarose
gels (Haible et al., 2006) and stained with 0.5 μg/ml ethidium bro-
mide after the run. Fragment sizes were estimated by comparison to
known reference fragments of parallel RCA products of AbMV using
an exponential ﬁt between retention factor (Rf) or probits (Finney,
1952) of Rf and the logarithm of the molecular weights [as nts]
using Microsoft Excel program for calculations. For probit transforma-
tion the Excel function “=NORMINV(bRf cell>;5;1)” was applied.
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The ampliﬁcation products of 61 RCA/RFLP-positive samples were
pooled and sent for commercial pyro-sequencing (454 technique at
GATC Biotech, mini-run with max. 20 Mb, Konstanz, Germany). In
addition, some of the sequences were also determined by using bac-
terial shotgun cloning and standard sequencing as described
(Wyant et al., 2011). Complete sequences of DNA-A and B compo-
nents as well as satellite DNAs were assembled using Bioedit software
(Contig Assembly Program) (Hall, 1999) and a self-written ﬁrst ver-
sion of a software tool which will be described elsewhere. In short,
contigs were assembled for 100 nucleotides-long exactly matching
sequences to differentiate even molecules on the variant level of sim-
ilarity. DNA comparisons with the international databases were per-
formed with BLAST (Altschul et al., 1997). The most closely related
sequences were compared to the new sequences by individual pairwise
alignments to determine the percentage of nucleic acid sequence simi-
larity (SI). For improved phylogenetic analyses, codaln software
(Stocsits et al., 2005) was applied in order to optimize the alignment.
Examples of the most closely related viral sequences were retrieved
from the international databases (March 2011), and neighbor joining
trees were calculated using the algorithms included in MEGA 4.0
(Tamura et al., 2007) with 1000 bootstrap replications each. Viral
names and accession numbers are listed in Suppl. Tables 2 and 3.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.virol.2012.02.007.Acknowledgments
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